In this study, novel chitosan/Fe 2 O 3 nano composite Ch/Fe-O nc was synthesized and evaluated as an adsorbent for removing thorium (IV) (Th 4þ ) ion from aqueous solution. The Ch/Fe-O nc was characterized by X-ray diffraction (XRD), Brunauer-Emmett-Teller (BET), Fourier transform infrared (FTIR) and scanning electron microscopy (SEM). Response surface methodology (RSM) was used in the optimization of Th 4þ adsorption for parameters such as pH, the initial metal ion concentration (Th 4þ concentration) and contact time. The statistical measures (i.e. analysis of variance, R 2 , the lack of fit test and the P value) specify that the developed model is proper. Furthermore, the adsorption kinetics was well defined by the pseudo-second-order equation, while the adsorption isotherms were better fitted by the Langmuir model. The adsorption capacity of Ch/Fe-O nc was 430 mg Th 4þ g À1 composite which leads to 99% removal at 25 C. Moreover, thermodynamic parameters which state the natural and endothermic nature of the reactions were determined. The loaded Th 4þ can be easily regenerated with HNO 3 and the Ch/Fe-O nc can be used repeatedly without any significant reduction in its adsorption capacity. The desorption level of Th 4þ from the Ch/Fe-O nc by using 0.1 M HNO 3 , was more than 95%.
INTRODUCTION
Industrial development has led to increase in production of industrial waste and consequently the release of toxic and radioactive ions into the environment (Baby et al. ) . These ions have high toxicity even in very low concentrations and are extremely harmful to the environment and health (Humelnicu et al. ). One of the major radioactive ions that is very useful as a nuclear fuel and is found in wastewaters resulting from the production of nuclear fuels is Th 4þ , which can be used as nuclear fuel by conversion into uranium-233 ( 233 U) (Jain et al. ; Nilchi et al. ) . Soil, rocks, sand and water are the main source of thorium and because its availability is three to four times higher than uranium, this ion has attracted a lot of interest as a nuclear fuel (Rao et al. ; Vijayan et al. ) . In addition, in the cycle of using thorium as the primary fuel, the raw material is less used and consequently, the waste produced is less as well (Rao et al. ) . Moreover, other thorium compounds and alloys have various applications; for example, thorium is used in high-quality lenses or the manufacture of ceramics at high temperatures (Höllriegl et al. ) . Therefore, considering the wide use of thorium in industries and its long-term stability in the environment, as well as its potential damage to human health and the environment, the removal and recovery of this ion from wastewaters is essential (Aydin & Soylak ).
Various techniques have been utilized for the recovery of thorium from waste containing this ion. Some of these methods are solvent extraction, chemical precipitation, ion exchange, evaporation, biosorption and adsorption (Zhang et Wattal ). For example, Gäfvert et al. () used a combination of chemical precipitation and filtration in a series of sand-beds to remove radionuclides from waterworks effluent (Gäfvert et al. ) . Chen et al. () employed silica-based anion exchange resins in order to remove thorium from nitric acid solutions (Chen et al. ) . Li D. et al. separated the Th 4þ from sulfuric and phosphoric acid solutions by solvent extraction method (Li et al. ) . Many of these methods can be criticized from different perspectives such as economic, health and production of hazardous wastes (Pollard et al. ) . Among the described techniques, adsorption is one of the most common methods of removing heavy metals from aqueous solutions, due to its features such as high efficiency, low cost, easy reduction and lack of sludge production (Rahmati et al. ) .
Chitosan (Ch), the major derivative of chitin which can be achieved by deacetylation, is one of the abundant biopolymer adsorbent in nature (Hien et al. ) . Ch has the highest capacity and great potential to adsorb metal ions compared to other biopolymers due to the presence of active functional groups such as amine and hydroxyl in its structure (Yi et This study aimed to investigate the preparative conditions, adsorption properties and analytical applications of novel Ch/Fe-O nc as an adsorbent for the removal of Th 4þ from aqueous solution. The synthesized Ch/Fe-O nc adsorbent was characterized and the optimization of pH, adsorbent dose and contact time were performed via RSM experimental design. The adsorptive features were appraised based on adsorption parameters obtained from the compatibility of adsorption isotherms to the Langmuir and Freundlich models. Furthermore, kinetic data have been modeled by the pseudo-first-and second-order.
EXPERIMENTAL

Materials and method
All the chosen reagents were of analytical grade and purchased from Merck. The stock solutions for preparation of Th 4þ were prepared by dissolving thorium salt (Th(NO 3 ) 4 ) in deionized water. The initial pH of solutions was regulated by nitric acid (HNO 3 ; 99.9%) or sodium hydroxide (NaOH; 99.9%) solutions and Metrohm pH meter model 744. Sartorius Electrical Balance Model BP 221S, Nabertherm furnace and mixer HT Infors AG model CH-4103-BOT were used to conduct the experiments. Synthesis of adsorbent was done by using hydrothermal reactor, which was designed and made of stainless steel 316 L as well as conventional autoclaves with Teflon liner by volume of 100 mL. Phase identification, crystallite size and the composition of the Fe-NPs was characterized by X-ray diffraction (XRD) and X-ray fluorescence (XRF) obtained on Philips Xpert diffractometer using a scan speed of 0.015 o S À1 and CuKα line (λ ¼ 1.54056 Å) radiation with voltage and current of 40 kV and 40 mA, respectively. The morphology of the Fe-NPs was studied by SEM (Cambridge S-360). Additionally, Brunauer-Emmett-Teller (BET) specific surface area was specified by nitrogen adsorption isotherms employing Quantachrome NOVA 2200e system. Qualitative chemical structure evaluation was carried out via Fourier transform infrared (FTIR) analysis (Vector22 Brucker Company, USA). Th 4þ analysis was followed up by using a Perkin-Elmer Optima 2000 DV Model Inductively Coupled Plasma-Optic Emission Spectrometry (ICP-OES). All the experiments and analyses were conducted in laboratories of Nuclear Science and Technology Research Institute of Iran and all the experimental data were the averages of a duplicate experiment, and the average relative error was less than 5%.
Synthesis of Fe 2 O 3 nano particle (Fe-ONPs)
Fe-ONPs were prepared by hydrothermal synthesis method. One gram of FeCl 3 .6H 2 O, 3.5 g of hexamethylenediamine and 1.5 g of trisodium citrate were dissolved in 100 mL of distilled water at a temperature of 70 C and stirred for 1 h. The solution was poured into hydrothermal reactor and placed in hydrothermal autoclave at 200 C for 10 h. The produced Fe-ONPs were washed with deionized water and dried at room temperature. A mixture of water and ethanol (1:5 (v/v)) was added dropwise to the suspensions of Fe-ONPs under vigorous magnetic stirring and left to settle for 1 h. The modified Fe-ONPs was washed with distilled water several times and dried in the oven at 110 C for 3 h.
Synthesis of Ch/Fe-O nc
Ch medium molecular weight with the degree of deacetylation between 75 and 85% was used in order to prepare Ch/Fe-O nc . Ch (1.67 g)was dissolved in 50 mL of 0.1 N hydrochloric acid solution and stirred for 1 h. Then 0.1 g of prepared Fe-ONPs was fully dispersed in the Ch solution followed by the addition of hydrochloric acid solution. Sampler was used to drip out the resulting solution into 0.1 N sodium hydroxide solution. Droplets were formed as spherical nanocomposites with a diameter of 0.45 cm. The resulting Ch/Fe-O nc was maintained in sodium hydroxide solution for 24 h and, finally, washed with deionized water and dried at room temperature. The preparation procedure and the produced Ch/Fe-O nc are presented in Figures S1 and S2 (available with the online version of this paper).
Adsorption experiments
Batch experiments were considered to study the extent of Th 4þ adsorption by Ch/Fe-O nc in a polyethylene tube. The solution containing of Th 4þ ion (10-100 mgL À1 ) was mixed with the 0.2 g of adsorbent at contact time (20-80 min) and pH values (2.0-8.0). The tube was placed in a thermostated shaker at 150 rpm. The initial pH of the Th 4þ solutions was adjusted by adding 0.01 M HNO 3 or NaOH solutions. Following the adsorption procedure, the Ch/Fe-O nc was separated by filtration and the residual concentration of the Th 4þ ion was determined. In order to explore thermodynamic parameters, experiments were conducted at optimized value of variables at five different temperatures (25, 30, 35, 40 and 45 C). The adsorption percentage (Ads%) and the amount of metal ion sorbed at time t (q e and q t mgg À1 ) were calculated using Equations (1) and (2):
where C 0 is the initial metal ion concentration (mgL À1 ); C e is the amount of metal present in the solution at equilibrium (mgL À1 ); V is the volume of thorium solution (L) and m is the dry weight of sample (g).
The adsorption process represented by the ion distribution coefficient, K d (mLg À1 ), was calculated using Equation (3):
Cation exchange capacity
The ion exchange capacity (CEC) of Ch/Fe-Onc was determined by standard column process (Siddiqi & Pathania ) . In this process, 1.0 g of Ch/Fe-Onc in H þ form was taken in a glass column fitted with glass wool at the bottom with an internal diameter of 1 cm. For complete elution of H þ ions from the ion exchanger column, 1 M solution of alkali or alkaline earth metal nitrates was employed. The effluent was titrated against a standard solution of 0.1 M NaOH using phenolphthalein as an indicator, and CEC was calculated using Equation (4) (Gupta et al. ):
where N is the normality of alkali, V is the volume of alkali, and W is the weight of exchanger taken.
Determination of Th 4þ adsorbed on Ch/Fe-O nc from simulated seawater
Influence of the coexisting metal ions in simulated seawater was investigated. Table 1 presents the concentrations of the relevant metal ions in simulated seawater (Leggett & Rao ) . After contact with the Ch/Fe-O nc in optimal conditions, the adsorption efficiency of each functionalized sorbents was analyzed qualitatively by ICP-AES. 
Experimental design for optimization
Central composite design (CCD) was employed in the experimental design procedure consisting of 2 k factorial points (k ¼ independent process variables), 2 k axial points (α ¼ 1.68) and six replicates at the center point to provide estimate of the experimental error variance (Douglas ; Azadi et al. ). The Th 4þ Ads% was selected as the response, while the pH, Th 4þ concentration and contact time were selected as decision variables. As a result, 20 experiments were conducted. The exact amounts of the coded levels for the variables are shown in Table 2 . A quadratic polynomial equation was considered to develop the relationship between the decision variables (x) and the response (y) using Equation (5):
Here y is response (dependent variable); β 0 is constant coefficient and β i , β ii and β ij are coefficients for the linear, quadratic and interaction effects, respectively; x i and x j are independent variables and ε is the error of prediction.
The sequence of experimental runs, regression and graphical analyses of the data were prepared by employing the Design Expert (version 7.0.0, StatEase, Inc., USA). The variability in the dependent variable (y) was explained and verified employing the coefficient of determination (R 2 ) and adjusted R 2 (R 2 adj ), using Equations (6) and (7):
where SS is the sum of the squares; n is the number of experiments and p is the number of predictors (term) in the model (Trinh & Kang ) . The model equation was utilized to predict the optimum value of the variables leading to maximum removal percentage.
Desorption experiments
Desorption experiments were investigated in batch system using 0.1 M aqueous solutions of different reagents such as NaOH, NaCl, HCl and HNO 3 . The Ch/Fe-O nc was placed in contact with the desorption solution for 24 h. The amount of Th 4þ ion released into the solution was measured by the ICP spectrophotometric method. The Th 4þ recovery percentage upon desorption from the Ch/Fe-O nc was calculated using Equation (8):
where Th 4þ ads is the amount of adsorbed Th 4þ (mgg À1 ) and Th 4þ des is the amount of desorbed Th 4þ (mgg À1 ). The reusability was investigated by repeating the adsorption-desorption round up to four times and thus examine the long-term adsorption potential of Ch/Fe-O nc .
RESULTS AND DISCUSSION
Characterization of Ch/Fe-O nc Figure 1 illustrates XRD patterns of Ch, Fe-ONPs and Ch/Fe-O nc . The XRD pattern of Ch represents broad diffraction peaks at 2θ ¼ 9.5 and 19.5 which are common fingerprints of crystal Ch (Ogawa et al. ) . It was also observed that the 2y values at the peak points of Ch/Fe-O nc are the same as those in Fe-ONPs. Thus, their crystalline structure is very similar. Furthermore, comparing the XRD patterns indicates that Fe-ONPs has been loaded on Ch.
The structure of Ch/Fe-O nc , Ch and Ch/Fe-O nc -Th 4þ was confirmed by FTIR analysis (Figure 2) . The spectra of Ch showed a broad absorbance at 3,472-2,984 cm À1 (combined peaks of the NH 2 , hydroxyls and OH group stretching vibration), at 2,922 cm À1 and 2,355 cm À1 (CH 3 and CH 2 in Ch structure), at 1,645-1,084 cm À1 (attributed to the CONH 2 group), at 827 cm À1 and 596 cm À1 (CH bending of amide bonds stretching vibrations) in the curve of Figure 4 . In Ch/Fe-O nc curve, the peaks at 486 and 447 cm À1 were related to Fe-O group of Fe-ONPs. After sorption of Th 4þ ions, a new band characteristic for the The nitrogen adsorption and desorption studies showed that the BET surface area of Ch/Fe-O nc site was 31.19 m 2 /g. The Fe-ONPs and Ch/Fe-O nc had a CEC of 0.81 and 0.64 (meqg À1 ), respectively.
The surface structural features of Fe-ONPs, Ch/Fe-O nc and Ch/Fe-O nc -Th 4þ were studied using scanning electron microscopy (SEM) ( Figure S3 , available with the online version of this paper). Fe-ONPs are in quasi-spherical shape with diameter less than 100 nm. In addition, the final products demonstrate aggregation as a result of Fe-ONPs fixing and trapping inside the Ch. Furthermore, it was found that there were many pores and pleats on the surface of the composites, which provided active sites for Th 4þ capture. The SEM image of Ch/Fe-O nc also reveals that there is a linear crack on the surface, which verifies the miscibility of the prepared polymer composite. Similar morphology features were reported for poly (methacrylic 
Model fitting
Twenty runs were conducted to compute the model and cover all possible combinations of factor levels. The order of experiments and their results are presented in Table 3 . A quadratic regression model was reached by employing coded values, as shown in Equation (9):
The analysis of variance (ANOVA) estimates the validation of the model (Table 4 ). The small probability value (Prob. > F; less than 0.05) proved the significance of the model while the large probability value (p-value) of lack of fit (0.3138), illustrates that the lack of fit was not significant, signifying that the model adequately described the data. In addition, the determination coefficient (R 2 ¼ 0.9317) was reasonably practicable which described 93.17% of the total variation in the model.
The three dimensions (3-D) of the response surface and two dimensions (2-D) of the contour plots were considered in order to determine the optimum conditions of the adsorption process and visualize the correlation between the response (Ads%) and experimental levels of each variable (pH, Th 4þ concentration and contact time) (Figures 3-5) . The maximum adsorption in the pH range 4.0-6.0 may be due to the formation of Th 4þ complexes with carboxyl groups, owing to its consistent constant with Th 4þ (Langmuir & Herman ) . Accordingly, in strong acidic solution from pH 2.0 to 4.0 hydroxonium ions H 3 O þ compete with the positive Th 4þ ions for the adsorption sites and the uncomplexed cation is stable at pH 3 (Savvin ).
The combined effects of Th 4þ concentration with pH and contact time are presented in Figures 4(a) and 5(a). The extent of Ads% was decreased by approximately 3% when initial concentration was increased from 23 to 55 mgL À1 for constant pH and contact time levels. On the other hand, the adsorption capacity of Ch/Fe-O nc was calculated to increase with rise in initial concentration from 55 to 86 mgL À1 . This can mostly be attributed to the increase in concentration gradient in the system, which consequently enhanced the efficiency of Th 4þ adsorption.
Figures 3(a) and 5(a) depict the effect of contact time, which implied a considerable effect on removal percentage. Accordingly, when contact time was held below 40 min, about 90% removal was attained regardless of Th 4þ concentration and pH. By increasing the contact time, the Th 4þ ion adsorption increased rapidly within 55 min due to the It was evident that the first-order effects of contact time (p-value 0.05 and higher than F value) was more significant than the two other factors. The second-order main affects both pH and Th 4þ concentrations (p-value pH 0.0001 and p-value Th 4þ concentration 0.0009) were highly significant as compared to their first-order main affects (p-value pH 0.2868 and p-value Th 4þ concentration 0.8443) for the Ads%. There was direct proportional relationship between pH and Th 4þ concentration (p-value 0.0042) and the Ads% which was responsible for achieving a relatively higher Ads% was predicted by the model and the response contour plot (Figure 4(b) ).
Optimum conditions of adsorption process
Six optimum conditions were assumed by the design expert software in order to achieve the optimum conditions of the Ads%. Affirmative experiments were considered to investigate the correctness and validation of the optimum conditions. The results were compared to the output of the model (Table 5 ). It was observed that the maximum Ads (98.71%) was achieved at 25 mgL À1 of Th 4þ concentration, pH ¼ 5 and contact time of 70 min.
Kinetic analysis
In order to investigate the controlling mechanism of adsorption process of Ch/Fe-O nc against Th 4þ the pseudo-first-and second-order models were considered to evaluate the experimental data obtained ( Figure 6 ).
Adsorption rate for Ch/Fe-O nc was determined at various times under optimum adsorbent weight, contact time of 20-80 min and optimal pH at temperature 25 C. Pseudo-first-order kinetic model shows physical adsorption process while the pseudo-second-order kinetic model specifies that the adsorption process is chemical and exchange of electrons occurs between the adsorbent and the ion being adsorbed (Corbett ; Yuh-Shan ; Wu et al. ). Equations (10) and (11) show the pseudo-first-and secondorder kinetic model, respectively: q t ¼ q e (1 À e Àk 1 t ) (10)
where q e is amount of Th 4þ uptake per unit mass of adsorbent at equilibrium (mgg À1 ); q t is amount of Th 4þ uptake per unit mass of adsorbent at time t (mgg À1 ); and k 1 and k 2 are reaction rate constants (mgg À1 min À1 ). R 2 coefficient clearly indicates that Th 4þ adsorption data on the Ch/Fe-O nc have been best described by pseudosecond-order kinetic equation, thus the rate-controlling step is chemical by complex formation/ion exchange (Table 6) .
Adsorption isotherms
The purpose of adsorption isotherm calculation is to study the relationship between the quantity of adsorbent and the level of adsorption through the process (Hameed et al. ) . Langmuir and Freundlich isotherms were applied for analysis of adsorption equality (Figure 7) . The linearized form of the Langmuir equation which is used for monolayer adsorption on finite and similar surfaces is described by Equation (12) 
where q m is the maximum monolayer adsorption capacity (mgg À1 ); K L is the Langmuir constant related to the free energy of adsorption (Lmg À1 ); and a plot of C e /q e versus C e yields a straight line with slope 1/q m and intercept 1/q m K L . The well-known form of the Freundlich isotherm is given by Equation (13):
which after applying logarithm for both sides is converted into Equation (14):
where Kf and 1=n are the Freundlich constants related to the adsorption capacity and adsorption intensity, respectively. The parameters calculated from the Freundlich and Langmuir models are summarized in 
where ln K d is the distribution coefficient (mLg À1 ); (ΔS o ) is standard entropy; (ΔH o ) is standard enthalpy; T is the absolute temperature (K); and R is gas constant (kJmol À1 K À1 ). The standard free energy value is calculated from Equation (16):
The experiments were carried out at five temperatures (25, 30, 35, 40 and 45 C) , for solution concentration of 100 mgL À1 of Th 4þ (Figure 8) .
The values of ΔH o and ΔS o were calculated from the slopes and intercepts of linear regression of ln(K d ) versus T À1 (R 2> 0.98). The results in Table 9 indicate that the process is endothermic and the adsorption capacity of the Ch/Fe-O nc increases with temperature.
The positive values of (ΔH o > 0) is indicative of an endothermic nature, which prefers the adsorption of Th 4þ ion at the higher temperature. Furthermore, the (ΔS o > 0) is indicative of higher randomness of adsorption in the system and favors the stability of the adsorption. The negative values of (ΔG o < 0) for these processes verify the probability and natural nature of adsorption process (Ilaiyaraja et al. ) .
Desorption studies
The results regarding Th 4þ ions desorbing percentage with various agents are shown in Table 10 . The maximum Th 4þ ions desorption level from the Ch/Fe-O nc (95%) was obtained by using the 0.1 M HNO 3 solution. Similar results with the use of HNO 3 solution but at different desorption 
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Influence of the coexisting metal ions
The efficiency of each adsorbent is presented in Table 11 . The results pointed out that the adsorptive of Th 4þ was lower in the simulated seawater solution than in the single-metal aqueous solution. However, the adsorption efficiency for Th 4þ ion stayed higher than that of other metal cations. Adsorptivity of 2.5, 5.1, 4.1, 3.1, 9.8 and 6.7% were obtained for Na þ , Mg 2þ , Ca 2þ , Fe 3þ , Ni þ and K þ , respectively, while Th 4þ was efficiently adsorbed with the greatest value of 68.7%. This indicated that Ch/Fe-O nc was more selective for Th 4þ adsorption than for that of other metal cations. This might be due to Th 4þ being tetravalent, which appears in a stronger electrostatic force toward the amine and hydroxyl groups in the Ch/Fe-O nc than the other cations (Huang et al. ) .
Several factors complicate the efforts to reduce the efficiency of the adsorbent from 99 to 68.7%, as expected. Firstly, the Th 4þ is present at a very low concentration (2.8 ppb) along with a number of other elements that can compete with Th 4þ for adsorption. Secondly, due to the overwhelmingly high concentrations of other ions (like calcium, magnesium) in seawater, Th 4þ exists primarily in the forms of very stable species (Leggett & Rao ) .
CONCLUSION
In this study, Ch/Fe-O nc adsorbent was prepared and characterized and a comprehensive investigation was carried out on its adsorption capacity for the removal of Th 4þ ions from aqueous solution. Th 4þ ion adsorption onto the Ch/Fe-O nc was determined and optimized, namely the pH, Th 4þ concentration and contact time, using response surface methodology. Accordingly, the maximum of 98.71% Th 4þ removal was attained at pH 5 and 70 min contact time from a solution initially concentrated as 25 mgL À1 Th 4þ ions.The adsorption kinetics of Th 4þ on the Ch/Fe-O nc can be described by pseudo-second-order kinetic model, which demonstrates that adsorption involves chemical reaction. In addition, the Langmuir isotherm model correlated with the experimental data well. The adsorption process for Ch/Fe-O nc was spontaneous (ΔG o < 0) and endothermic (ΔH o > 0) in nature.
The results revealed that the Ch/Fe-O nc has a superior adsorption capacity for Th 4þ ion (430 mgg À1 at 25 C) when compared to other adsorbents reported in the literature. Consequently, results indicated the possibility of using the Ch/Fe-O nc for efficient removal of Th 4þ ion from aqueous solutions. Th 4þ ion desorption studies revealed that Th 4þ ions may be recovered to the extent of over 95% when using acidic desorbing agent (0.1 M HNO 3 solution) is used. 
